1. Introduction {#sec0005}
===============

Pollution is a matter of grave concern. The poor management of the waste and effluents from households, industries, and agricultural fields is further deteriorating the already crippling ecosystem. According to the World Health Organization report, 2.2 billion people do not have access to safe water services, and 144 million people using contaminated water \[[@bib0005]\]. It is anticipated that by 2025, fifty percent of the world population will be living in the water-stressed regions \[[@bib0005]\]. In 1990, it was estimated that 22 million hectares of land were polluted, based on the current rate of urbanization and industrialization; this number is expected to increase further \[[@bib0010]\]. Pollution accounts for the loss of 5% gross domestic product (GDP) in developing countries \[[@bib0015]\]. It is accountable for 16 % of the global deaths, and 25 % of the most polluted regions \[[@bib0020]\]. Apart from its effect on public health and the economy, pollution can also threaten food security, drinking water availability, and biodiversity. So, it becomes imperative to develop strategies that can combat the soil and water pollution due to various chemicals and heavy metals. Currently, there are various physical and chemical methods available for the removal and degradation of various recalcitrant and harmful chemicals from soil and water. However, these methods are expensive, produce toxic byproducts, and ineffective for low concentrated but highly toxic chemicals \[[@bib0025]\]. A strategy has to be developed, which can overcome these limitations and provide *in situ* remediations of the pollutants.

Mycoremediation can be an economical, eco-friendly, and effective strategy to combat the ever-increasing problem of soil and water pollution. Robust growth of fungus, vast hyphal network, production of versatile extracellular ligninolytic enzymes, high surface area to volume ratio, resistance to heavy metals, adaptability to fluctuating pH and temperature and presence of metal-binding proteins; fungi are an ideal candidate for the remediation of various pollutants \[[@bib0025], [@bib0030], [@bib0035], [@bib0040]\]. It can be used for the *in-situ* remediation of various pollutants such as dyes, herbicides and pharmaceutical drugs released by various industries. Alternatively, it can also be used in bioreactors. Bioreactors are systems with controlled physicochemical conditions aimed at promoting microbial growth \[[@bib0045]\]. Controlled fungal biomass and regulated use of metabolites in the bioreactor can be employed to accelerate the degradation of the pollutants \[[@bib0045], [@bib0050], [@bib0055]\]. So far, bioreactors are designed for the treatment of waste from sugar industries and pharmaceutical industries \[[@bib0045],[@bib0060]\]. These bioreactors can be also be used *ex-situ* to remediate soil from polycyclic aromatic hydrocarbons, herbicides, pesticides, tars, chlorinated solvents and explosives \[[@bib0055]\].

In this review, the role of various fungi in degrading various recalcitrant, persistent and harmful pollutants like polycyclic aromatic hydrocarbon, pesticides, herbicides, insecticides, antifungal drugs, antibiotics, heavy metals, detergents, cyanotoxins, dyes, pharmaceuticals, and phthalates has been summarized. An attempt is made to understand the mechanism behind the mycoremediation of these pollutants. Future strategies to overcome the existing limitations and how the process of degradation can be accelerated is discussed.

2. Polycyclic aromatic hydrocarbons and their remediation {#sec0010}
=========================================================

Polycyclic aromatic hydrocarbons (PAH) are one of the major pollutants that are released in the environment due to the incomplete combustion of organic materials like coal, wood, and petroleum. These toxic compounds can enter the air, water, and soil by various natural or human activities \[[@bib0065],[@bib0070]\], ([Fig. 1](#fig0005){ref-type="fig"}). PAH are organic compounds with fused benzene rings, namely pyrene, anthracene, chrysene, phenanthrene, 2-methyl naphthalene, acenaphthene. These ubiquitous pollutants can be classified into three categories: biological, petrogenic, and pyrogenic \[[@bib0075]\]. Exposure to these compounds can suppress immunity and cause cancers of skin, lungs, and stomach. They can also cause jaundice, inflammation, allergies, cataract, lysis of red blood cells, breathing problems, and can damage kidneys. Upon entering the environment, these chemicals will persist for prolonged duration and inflict severe damage to the ecosystem. Hence, the removal of these ubiquitous, persistent, toxic chemicals from contaminated soil and water seeks immediate attention \[[@bib0075]\]. For removing and degrading PAH from contaminated sites, various avenues like biodegradation, bioaccumulation, photodegradation, soil adsorption, leaching, and chemical oxidation have been extensively explored. Among these methods, biodegradation (use of microorganisms to degrade recalcitrant pollutants) is extensively researched \[[@bib0080]\]. However, the use of bacteria for degrading high molecular weight PAH has been observed to be a slow process due to the narrow degradation ability of these bacteria \[[@bib0085]\].Fig. 1Source of environment pollutants and its affect on health. Sources: (1) Rural and urban housing, industries, factories effluents, vehicular exhausts; (2) Soil pollution in dumpsites; (3) Agricultural wastes; (4) Beach pollution due to anthropogenic activities; Affect: (5) Water pollution, affecting aquatic life; (6) Humans, flora and fauna are affected (7) Biogeochemical cycles; (8) Accumulation of toxins in food chain; (9) Damage to overall health and well being.Fig. 1

2.1. Role of the enzymes {#sec0015}
------------------------

Ligninolytic enzymes released by several fungi are promising strategies in the removal of PAH. It is more economical and ecologically friendly than other conventional strategies to remove PAH from contaminated sites \[[@bib0060]\]. Some ligninolytic fungi have been shown to degrade both low and high molecular weight PAH that can consist of around six aromatic rings \[[@bib0080]\] ([Table 1](#tbl0005){ref-type="table"}). These fungi secrete various extracellular ligninolytic enzymes, such as laccase, lignin peroxidase, and manganese peroxidase \[[@bib0065]\]. As these enzymes are promiscuous, they can also act on other substrates such as PAH, which are structurally similar to lignin \[[@bib0090]\]. Apart from the extracellular ligninolytic enzymes, cytochrome P-450 monooxygenase has also been shown to aid in PAH metabolism \[[@bib0095]\]. Recently, the role of non-ligninolytic enzymes has also been reported in degrading PAH. It has been shown that *Dentipellis* sp. *KUC8613* initially utilized cytochrome P450 followed by enzymes such as dioxygenase, dehydrogenases, FAD-dependent monooxygenases, glutathione transferase and epoxide hydrolases \[[@bib0100]\]. These extracellular ligninolytic enzymes catalyze the oxidation of PAH into quinones, which is then further degraded by ring fission \[[@bib0065],[@bib0105]\]. Many of these fungi can completely breakdown PAH and produce CO~2~, but certain ligninolytic fungi cannot degrade PAH completely \[[@bib0065]\]. In the latter case, the partially degraded PAH (into anthraquinone, diphenic acid, phthalic acid) is further decomposed by soil bacteria \[[@bib0065],[@bib0110]\]. Though these fungi have shown the ability to degrade PAH, their efficiency is shown to be less due to inconsistent colonization and nutrient exhaustion. A study by Bhattacharya et al. showed that the biphasic treatment of PAH can overcome this limitation \[[@bib0095]\]. In the first phase *Phanerochaete chrysosporium*, a white rot fungus, were grown in under nutrient sufficient condition where the two genes (pc2 and pah4) coding for cytochrome P-450 monooxygenases were upregulated \[[@bib0095]\]. In the second phase the cells were exposed to nutrient deficient conditions which lead to the production of extracellular ligninolytic enzymes. This concerted effect of P-450 monooxygenases and ligninolytic enzymes was more efficient in degrading the PAH \[[@bib0095]\]. This also suggests that in earlier stages of PAH degradation there is a role of P-450 monooxygenases and in the later steps ligninolytic enzymes have an important role. This hypothesis needs to be studied further to formulate an efficient strategy to remove PAH from the environment.Table 1Source of common pollutants and fungi involved in its degradation.Table 1PollutantsFungiMechanismReferencesPolycyclic aromatic hydrocarbon*Dentipellis sp. (KUC8613), Phanerochaete chrysosporium, Trametes versicolor, Pleurotus ostreatus, Pleurotus eryngii, Cochliobolus lunatus*Ligninolytic enzymes, cytochrome P-450 monooxygenase, dioxygenase, dehydrogenases, FAD dependent monooxygenases, glutathione transferase and epoxide hydrolases mediated degradation\[[@bib0070],[@bib0075],[@bib0080],[@bib0115],[@bib0125]\]Heavy metals*Aspergillus species, Rhizomucor species, Fusarium* species, *Emericella species, Funneliformis geosporum, Pleurotus ostreatus, Trichoderma harzianum, Trichoderma ghanense, Penicillium rubens*Ligninolytic enzymes in the degradation of heavy metals, and antioxidants enzymes in tolerating damage due to oxidative stress\[[@bib0030],[@bib0120],[@bib0185],[@bib0195],[@bib0200]\]Dyes*Aspergillus flavus,* Marasmius cladophyllus, Phlebia acerina, Bjerkandera adustalaccase, manganese peroxidase and lignin peroxidase in degradation of dyes\[[@bib0040],[@bib0445],[@bib0450],[@bib0455],[@bib0460]\]Pesticide and herbicide*Botryosphaeria laricin*a, *Aspergillus glaucus, Trametes pavonia, Penicillium spiculisporus, Penicillium verruculosum,*Ligninolytic enzymes, esterification, dioxygenation, dehydrogenation, dechloriantion, demethylation mediated degradation\[[@bib0210],[@bib0215],[@bib0225],[@bib0230],[@bib0235],[@bib0240]\]Antibiotics*Pleurotus ostreatus, Leptospaherulina sp, Irpex lacteus, Lentinula edodes*versatile peroxidase, laccase, manganese peroxidase, cytochrome 450 system\[[@bib0355],[@bib0360],[@bib0365],[@bib0370],[@bib0380],[@bib0385]\]Pharmaceuticals*Mucor hiemalis, Trametes versicolor, Phanerochaete chrysosporium, Lentinula edodes,*ligninolytic enzymes and cytochrome 450\[[@bib0310],[@bib0315],[@bib0320],[@bib0325],[@bib0330],[@bib0340]\]Pthalates*Fusarium oxysporum, Fusarium subglutinans*, *Penicllium brocae, Purpureocillium lilacinum*Cutinase\[[@bib0410],[@bib0415],[@bib0420],[@bib0430],[@bib0435],[@bib0440]\]Cyanotoxins and algal blooms*Mucor hiemalis, Trametes versicolor*, *Trichoderma citrinoviride*laccase, hydrolase, protease, cellulase and manganese peroxidase\[[@bib0250],[@bib0255],[@bib0260],[@bib0265],[@bib0270],[@bib0275]\]Detergents*Penicillium verrrucosum, Cladsporium cladosporioides* and *Geotrichum candidum*NA[a](#tblfn0005){ref-type="table-fn"}NA[^1]

2.2. Strategies to overcome the limitations of PAH degradation {#sec0020}
--------------------------------------------------------------

One of the limiting factors for the mycoremediation of PAH is the reduced bioavailability of PAH due to their hydrophobic nature and slow transport across the cell membrane \[[@bib0085]\]. Some fungi overcome this limitation by transporting the PAH to neighboring soil bacteria \[[@bib0085],[@bib0115]\]. Other use hydrophobins to adsorbed these molecules \[[@bib0085]\]. Young et al. has shown more overexpression of a small hydrophobin in *Punctularia strigosozonata* during the degradation of hydrocarbons in fuel oil \[[@bib0120]\].

Similarly, the role hydrophobins have been reported in heavy metal biodegradation by *Trichoderma harzianum* \[[@bib0125]\]. However, during the degradation of PAH by *T. harzianum*, the hydrophobin gene *qid74* was not significantly upregulated \[[@bib0085]\]. Though studies suggest that the hydrophobins can help in degrading the PAH due to their ability to dissolve hydrophobic molecules \[[@bib0085]\], however, a conclusive study to corroborate this strategy has yet to be explored. The bioavailability of PAH has been observed to improve after the addition of surfactants like Tween-20, saponin, and Tween-80. These surfactants improve the solubility of the PAH \[[@bib0065]\]. The secretion of emulsifying agents by some fungi has also been reported. These naturally produced emulsifying agents in the presence of PAHs can further help to increase the bioavailability and degradation of various PAHs by elevating the solubility of PAH \[[@bib0130]\]. The degradation of PAH can also be increased by adding stimulants like cellulose and chitin. However, adding a higher concentration of these stimulants can decrease the degradation of PAH as these fungi use cellulose and chitin as a preferred carbon source \[[@bib0085]\]. Production of ligninolytic enzymes in these fungi occurs during secondary metabolite state. Hence, for the early synthesis of the ligninolytic enzymes, the cells should be deprived of carbon and nitrogen sources \[[@bib0135]\]. The addition of glycerol, veratrole alcohol, ferulic, humic acid, polyethylene glycol, coumaric acid, copper sulfate, vanillin, and citric acid has been shown to increase the expression of ligninolytic enzymes and degradation of PAH \[[@bib0065],[@bib0080],[@bib0135]\]. The addition of manganese and glutathione has also increased the activity and production of Manganese peroxidase \[[@bib0065]\].

The salinity of soil and the presence of heavy metals are other challenges for the degradation of PAH. In colder temperatures, the removal of the pollutant can be more challenging due to reduced moisture levels, slow metabolic process, and reduced available nutrients \[[@bib0140],[@bib0145]\]. Moreover, cold temperatures can increase the viscosity of PAHs which will further decrease their bioavailability \[[@bib0140]\]. Cold environmental conditions can also thwart the activity of various enzymes imperative to degrade the toxic pollutants \[[@bib0140]\]. A study by Robichaud et al. showed that white-rot fungus *Trametes versicolor* which can degrade PAH was not able to grow at low temperatures at a contaminated site in Canada. However, fungi belonging to *Psathyrella* species were able to persist in such harsh arctic conditions in the presence of various pollutants \[[@bib0145]\]. The mycoremediation activity of *Psathyrella* species and other fungus is an exciting field for further research.

Heavy metals at the contaminated sites hamper the degradation owing to their toxicity towards ligninolytic fungi. They affect the structure and function of fungal cell membranes, energy transduction, metabolism, and growth of the fungi \[[@bib0150]\]. It also affects the activity of various ligninolytic enzymes \[[@bib0090]\]. However, some fungi like *Pleurotus ostreatus* and *Pleurotus eryngii* have been able to degrade PAH in the environment co-contaminated with heavy metals like cadmium, manganese, and mercury \[[@bib0090],[@bib0150]\]. The activation of antioxidant enzymes helps these fungi to overcome free radicals stress caused by these heavy metals \[[@bib0155]\]. In another strategy, marine fungi can be used for the degradation. These fungi have an innate ability to tolerate high salt concentration. In this regard, a marine fungus, *Cochliobolus lunatus,* can be used to degrade PAH in soil and water with high salinity. *C. lunatus* has shown the ability to degrade chrysene \[[@bib0125]\]. The fungus was also able to tolerate low nutrient levels, varying temperatures, and pH.

Nevertheless, the study was not conducted in an area with high salinity. Future studies are required to evaluate the degradation potential of *C. lunatus* for PAHs in high salt concentration. A new strategy for the removal of PAH from soil can be its association with a plant. Mycoremediation of PAH by *Pleurotus ostreatus* in the presence of *Zea mays* helped in increasing manganese peroxidase activity, microbial, and fungal biomass \[[@bib0160]\]. The elevation in manganese peroxidase activity and fungal biomass can further increase the removal of these recalcitrant pollutants from the soil.

3. Heavy metal pollution and its mycoremediation {#sec0025}
================================================

Heavy metal deposition in the environment poses a grave threat to biodiversity and human health. Arsenic, copper, lead, chromium, mercury, cadmium, silver, and nickel are some of the commonly found metals at the contaminated sites. These metals enter the soil and water by various human and natural activities ([Fig. 1](#fig0005){ref-type="fig"}). Soil erosion, volcanic eruption, and weathering of earth's crust are some of the natural means of heavy metal pollution. The anthropogenic means include effluents from industries like paint, textile, metal parts, and fertilizer. Electronic wastes, leaded petrol, mining, preservatives, fungicides, insecticides, and combustion of fossil are other sources of heavy metals \[[@bib0165]\]. After leaching into the environment, these metals eventually enter the human body via the consumption of contaminated food and water \[[@bib0165]\]. At low concentration, some of these metals play an essential role in various metabolic and physiological activities, but above a threshold limit, they have deleterious effects \[[@bib0170]\]. Most of these metals are known as mutagens and carcinogens \[[@bib0175]\]. They also impair the proper functioning of the kidney, liver, spleen, heart and reproductive systems \[[@bib0180]\]. Apart from being a severe threat to public health, these metals also harm the ecosystem. Reactive oxygen species (ROS) generated due to these heavy metals oxidize various important biomolecules like nucleic acids and protein and lipids \[[@bib0185],[@bib0190]\]. In microorganisms, these metals affect the activity of different enzymes like urease, catalase, glucosidase and alkaline phosphatase \[[@bib0195]\]. In plants, accumulation of these metals may hinder various physiological activities such as mineral and water transport and photosynthesis \[[@bib0200]\]. Other metals like mercury, lead, and arsenic can thwart the growth and metabolism, causes deformed fruits or flowers, hinder the growth of leaves, stem, and root; reduce crop yield, and N~2~ fixing ability \[[@bib0200]\]. The oxidative stress due to heavy metals also causes lethal damage to aquatic life \[[@bib0205]\].

Various chemical and physical methods such as reverse osmosis, oxidation-reduction, filtration, ion exchange, chemical precipitation, and electrochemical treatment are available for the removal of heavy metals from the environment, but these methods have limitations. A few of the significant limitations of these strategies are high energy consumption, expensive, inefficient to remove metals at low concentration, and alteration of chemical properties of the soil \[[@bib0025]\]. Bioremediation can offer an efficient and inexpensive alternative to the conventional methods of substantial metal decontamination \[[@bib0210]\]. However, these metals have toxic effects on the plants beyond the threshold limit. Microorganism mediated bioremediation of heavy metals can be the answer to all the limitations discussed above and previous sections. Among all the microbes, fungi can be the most efficient removers of heavy metals due to the relatively higher tolerance to heavy metals, large surface to volume ratio, robust nature in comparison to bacteria and algae \[[@bib0025], [@bib0030], [@bib0035]\]. Biosorption, bioaccumulation, and biovolatilization are the principles often used by fungi to transform heavy metals and metalloids \[[@bib0215],[@bib0220]\]. Biosorption is a passive (metabolically independent) process that can be performed by live cells or dead biomass, whereas bioaccumulation is active (metabolically dependent) process occurring in live cells \[[@bib0215],[@bib0225]\]. Biovolatilization involves the conversion of inorganic and organic compounds into their volatile derivatives by intracellular enzymatic reactions \[[@bib0230]\]. Screening of sites contaminated with heavy metals has led to the identification of various fungi that can remove heavy metals. These indigenous fungi are not only resistant to heavy metal toxicity but are also adapted to the environmental condition of the contaminated site \[[@bib0025]\]. In one study, various fungi belonging to *Aspergillus, Rhizomucor, Fusarium* and *Emericella* species were isolated from agricultural land contaminated with arsenic ([Table 1](#tbl0005){ref-type="table"}). On further analysis, it was found that these fungi were able to tolerate a high concentration of arsenic. Some of these fungi were also able to improve growth and yield in plants that were watered with sterile water containing arsenic. These fungi also improved soil enzyme activity and soil physio-chemical properties \[[@bib0030]\]. Another mycorrhizal fungus *Funneliformis geosporum* was able to improve the quality of soil and increase the growth and yield of the wheat crop in zinc contaminated soil by reducing the accumulation of zinc in the wheat plant \[[@bib0235]\]. This study suggests that these indigenous fungi not only remove heavy metals from the soil but also improve plant growth and crop yield in agricultural lands highly contaminated with heavy metals.

Similarly, *Pleurotus ostreatus* was also able to remove manganese from contaminated water in the presence of surfactants where these surfactants helped in increasing the surface area and metal-binding sites on fungal hypha eventually leading to bioaccumulation and efficient removal of manganese \[[@bib0150]\]. *Pleurotus ostreatus* was also able to remove heavy metals such as lead, zinc, chromium, cobalt, copper, and nickel present in effluents coming out of coal washery. There was an increased activity of antioxidant enzymes in the fungi due to the accumulation of heavy metals, which might have helped them to tolerate the toxic effects of heavy metals \[[@bib0155]\]. Further, different fungi such as *Fomitopsis meliae*, *Absidia cylindroslora Rhizopus microsporus,* and *Trichoderma ghanense* were also able to tolerate copper, cadmium, arsenic lead, and iron \[[@bib0240],[@bib0245]\]. *Trichoderma harzianum,* isolated from an area surrounding an abandoned mine, was able to accumulate and tolerate silver \[[@bib0250]\].

Moreover, the native fungi growing in areas around gold, silver, and gemstones mine can accumulate gold and silver can offer an economic advantage \[[@bib0250]\]. Similarly, different *Aspergillus species* isolated from soil near an industrial area in Pakistan showed the ability to remove lead and mercury \[[@bib0175]\]. *Aspergillus species* and *Penicillium rubens* isolated from the same site were also able to remove Cadmium and Chromium \[[@bib0025]\]. Based on these studies, it can be concluded that the different indigenous fungi can be used for bioremediation of various toxic heavy metals and prevent the deleterious effect on the environment and human health. They can also improve the soil quality of agricultural land contaminated with heavy metals and enhance the growth and yield of different crops. However, for the actual removal of heavy metals, the remediating fungi should also be removed as the fungi tend to accumulate the metals within them. So, it is also imperative to develop strategies to overcome this limitation.

4. Agricultural effluents and their mycoremediation {#sec0030}
===================================================

Indiscriminate use of pesticides and herbicides is rampant in agrarian practices. These affect the soil groundwater or nearby water-bodies due to leaching of the minerals, like nitrogen, phosphorus, sulfur. It causes eutrophication by decreasing the dissolved oxygen and affect aquatic life. It also led to the accumulation of toxic chemicals in foods and vegetables, which enter the food chain and affect human health. The global market of the herbicides was USD 27.21 billion in 2016 and is projected to reach USD 39.15 billion by 2022. Herbicide and pesticide have helped the farmers across the globe in combatting various plant and insect diseases and in increasing the agricultural yield. On the contrary, these chemicals affect humans and cause severe damage to the ecosystem.

4.1. Mycoremediation of pesticides and herbicides {#sec0035}
-------------------------------------------------

The chemicals present in the pesticides and herbicides like glyphosate, endosulfan, paraquat, fipronil, and aldrin are reported to be carcinogenic, endocrine disruptors, neurotoxic and cause lethal damages to the reproductive system and various vital organs like liver and kidney. Due to their deleterious side effects, most of these chemicals are either banned or heavily restricted \[[@bib0255],[@bib0260]\]. However, despite such restrictions, the use of these harmful herbicides and pesticides is still prevalent. Moreover, chemicals like DDT, aldrin, and dieldrin can persist in the environment due to their chemical stability \[[@bib0265]\]. Most of these pesticides and herbicides runoff to nearby water sources or get accumulated in the soil and enter the food chain and affect microorganisms, plants, animals, and humans ([Fig. 1](#fig0005){ref-type="fig"}) \[[@bib0255]\]. Different strategies involving chemical treatment, incineration and volatilization have been used for the degradation of these toxic compounds. However, these methods have certain limitations. Apart from cost and high energy consumption, these methods also release alkali, acids, and toxins into the environment. Further, for the treatment of the contaminated soil, the soil needs to be transported to a separate storage and treatment unit which further increases the cost and energy consumption \[[@bib0270]\]. So, mycoremediation seems like a plausible, eco-friendly, economical and in-situ strategy for the treatment of soil and water contaminated with herbicides and pesticides.

Various studies have shown the ability of different fungi to accumulate and remove herbicides and insecticides from the environment ([Table 1](#tbl0005){ref-type="table"}). These studies were focused mostly on studying indigenous fungi growing in the contaminated sites. *Aspergillus tamarii* and *Botryosphaeria laricina* isolated from the agricultural field previously exposed to endosulfan were tolerant to endosulfan and were able to degrade the toxicant and its harmful metabolites like endosulfan sulfate, alpha endosulfan, and beta endosulfan by using them as a source of carbon and energy \[[@bib0275]\]. Similarly, in another study, it was found that a novel strain of *Aspergillus glaucus* was able to degrade fipronil and its metabolite fipronil sulfone \[[@bib0280]\] ([Fig. 2](#fig0010){ref-type="fig"}). In this study, it was also reported that there was a role of different ligninolytic enzymes during the degradation of fipronil and its metabolite by *A. glaucus* \[[@bib0280]\]. Enzyme extracts from *Trametes maxima* and co-culture of *T. maxima* and *Paecilomyces carneus* were able to degrade 100 % of atrazine \[[@bib0285]\]. Camacho-Morales et al.; reported the possible involvement of different ligninolytic enzymes in the degradation of paraquat by *Trametes versicolor*, *Hypholoma dispersum* and *Trametes pavonia* \[[@bib0290]\]. Another xenobiotic compound glyphosate effectively degraded by fungus-like *Penicillium spiculisporus, Aspergillus flavus,* and *Penicillium verruculosum* which were isolated from soil samples taken from herbicide contaminated farms \[[@bib0270]\]. A white-rot fungus *Pleurotus ostreatus* was able to degrade aldrin and its major metabolite dieldrin. The biotransformation of aldrin and dieldrin by *P. ostreatus* was proposed to occur via epoxidation and hydroxylation reactions \[[@bib0265]\]. In some studies esterification, deoxygenation, dehydrogenation, dechlorination, demethylation reactions have been reported during the fungi mediated transformation of these pesticides \[[@bib0255]\]. Although some of the studies show the involvement of ligninolytic enzymes in the degradation of different herbicides and insecticides, a decisive role of these enzymes in degrading these xenobiotics is yet to be established. Furthermore, the mechanism used by these fungi in the biodegradation of xenobiotics is still not understood. Understanding the underlying mechanism can help in designing better strategies to combat the problem caused by these compounds.Fig. 2Mycoremediation of herbicides and pesticides. The various chemicals used in agriculture are processed by fungi and are used as carbon or energy source or processed as non-toxic metabolites.Fig. 2

4.2. Mycoremediation of cyanotoxins and algal blooms {#sec0040}
----------------------------------------------------

Various anthropogenic activities are causing eutrophication that is responsible for the cyanobacteria bloom \[[@bib0295]\]. These cyanobacteria produce various secondary metabolites like cylindrospermopsin, Microcystin--LR, nodularians, and beta*-N-*methylamino-[l]{.smallcaps}-alanine \[[@bib0300]\]. These secondary metabolites are called cyanotoxins and can harm humans, animals, and aquatic life. In the aquatic system, they cause lethal poisoning in *Daphnia* species, affect photosynthesis of other cyanobacteria, reduce egg production in mollusks, suppress embryo development, and affect fishes ([Fig. 1](#fig0005){ref-type="fig"}). These cyanotoxins are classified as neurotoxic, hepatotoxic, dermatologic to humans. They can also cause paralysis and allergic reactions in humans \[[@bib0295]\]. These cyanotoxins can also affect the farmers involved in pisciculture. To combat the problems caused by cyanotoxins mycoremediation can be useful. Aquatic fungi like *Mucor hiemalis* can accumulate and degrade cyanotoxins. It is tolerant to oxidative stress due to cyanotoxins like Microcystin and beta*-N-*methylamino-[l]{.smallcaps}-alanine \[[@bib0300],[@bib0305]\]. In the tolerance of oxidative stress, the role of various antioxidant enzymes was reported. However, the mechanism behind the degradation of these cyanotoxins is yet to be established. Different fungi like *Trametes versicolor* and *Trichoderma citrinoviride* has shown algicidal activity \[[@bib0310],[@bib0315]\]. The transcriptomic and proteomic studies on these algicidal fungi have shown the role of various decomposition enzymes like laccase, hydrolase, protease, cellulase, and manganese peroxidase in killing and inhibiting the growth of various algae \[[@bib0310],[@bib0320],[@bib0325]\]. These studies suggest that mycoremediation can be a potential strategy to degrade cyanotoxins and inhibit the algal bloom formation.

5. Mycoremediation of pharmaceutical wastes {#sec0045}
===========================================

Pharmaceutical compounds released from the effluents of drug manufacturing units are exacerbating the already severed environmental conditions. The release of these compounds affects the public and animal health, disturbs the ecological balance, and further decreases the already dwindling available drinking water levels. It has been reported that in some of the cases, the environmental discharges consist of toxic threshold levels of drugs \[[@bib0330]\]. A study has shown that pharmaceutical effluents can have toxic effects on aquatic biota \[[@bib0335]\]. The commonly used water treatment systems fail to treat these xenobiotics, leading to the accumulation of the toxic pharmaceutical compounds in the environment \[[@bib0340]\].

Another widespread problem is antimicrobial resistance (AMR). Half a million people die globally due to the infections from drug-resistant microbes. The USA spent around 35 billion dollars in antimicrobial therapy \[[@bib0345]\]. These antibiotics can affect the ecologically important microorganisms that are imperative for the various processes like carbon cycling, soil respiration, iron reduction, denitrification, and nitrification \[[@bib0350]\]. Phytoremediation could be an alternative strategy. However, slow growth and longer remediation time limit the application of this strategy \[[@bib0210],[@bib0355]\].

5.1. Mycoremediation of pharmaceuticals {#sec0050}
---------------------------------------

Both aquatic and white-rot fungi can be promising candidates for the treatment of pharmaceutical wastes. Among these, the aquatic fungus *Mucor hiemalis* has been shown to remove the acetaminophen from contaminated water bodies of pharmaceutical effluents \[[@bib0340]\]. It was also able to uptake and remove another drug diclofenac \[[@bib0355]\]. The white-rot fungus *Trametes versicolor* was able to uptake and remove naproxen and its intermediates to undetectable levels within 6 h \[[@bib0360]\]. The *T. versicolor* treated media found to be nontoxic.

Similarly, *T. versicolor* was also able to degrade ketoprofen, an analgesic \[[@bib0365]\] ([Table 1](#tbl0005){ref-type="table"}). In the degradation of naproxen and ketoprofen by *T. versicolor,* the role of ligninolytic enzymes and cytochrome 450 was reported \[[@bib0360],[@bib0365]\]. *T versicolor* has also been able to degrade other pharmaceuticals like codeine, diazepam, carbamazepine, metoprolol, these studies were performed inside bioreactors \[[@bib0370]\]. *Phanerochaete chrysosporium* was able to perform oxidative degradation of different anti-inflammatory drugs inside the fed-batch stirred reactor \[[@bib0060]\]. The mycelia of edible fungus *Lentinula edodes* degraded anti-inflammatory drug piroxicam. *L. edodes* was also able to degrade endocrine disruptors like synthetic testosterone and 17α-ethyl-estradiol \[[@bib0375]\]. It secretes different enzymes with an oxidizing activity, which may be responsible for the oxidative degradation of piroxicam \[[@bib0380]\]. These studies show that the role of extracellular ligninolytic enzymes and intracellular cytochrome 450 systems are involved in the degradation of various pharmaceuticals. Studies have also shown the role of biosorption in the removal of pharmaceutical drugs \[[@bib0385]\]. In the future, bioreactors seem like a promising approach for the treatment of pharmaceutical waste \[[@bib0060],[@bib0385]\]. However, the conditions for the better and efficient remediation of various pharmaceutical compounds from contaminated water and soil in fungal bioreactors need to be optimized.

5.2. Mycoremediation of antibiotics {#sec0055}
-----------------------------------

Antibiotics are one of the major classes of drugs that are widely used across the globe, but unfortunately, many antibiotics are also being released into the environment through effluents from pharmaceutical industries, disposal of expired antibiotics, human feces and urine, hospital waste and careless use in animal husbandry and aquaculture \[[@bib0345],[@bib0390]\]. The release of antibiotics in the environment can impact the economy, environment and public health \[[@bib0345],[@bib0390]\]. The accumulation of antibiotics in water bodies can cause chronic toxicity in fishes, amphibians and other aquatic life forms \[[@bib0395]\]. In plants, the antibiotics affect electron transport rate, mitochondrial and chloroplast protein synthesis, inhibit plastid replication, decrease chlorophyll and carotenoid content. In plants, they also cause chromosomal aberrations and inhibit plant growth and photosynthesis \[[@bib0390]\]. Ozonation, oxidation using potassium permanganate, Fenton oxidation, sonolysis, photocatalysis using titanium dioxide, membrane bioreactors, and charcoal adsorption are some of the strategies used for the treatment of antibiotic contaminated water. But these processes are costly, energy-consuming and lead to the production of toxic byproducts \[[@bib0390]\]. Further, some antibiotics are resistant to the various physical and chemical methods due to their chemical structure \[[@bib0400]\]. Mycoremediation can be an economical, eco-friendly and safer alternative to various physical and chemical methods for the treatment of water contaminated with antibiotics.

Various fungi have been reported to eliminate different antibiotics like bifonazole, clotrimazole, sulfonamides, oxacillin, oxytetracycline, and fluoroquinolone \[[@bib0390],[@bib0400], [@bib0405], [@bib0410]\], ([Table 1](#tbl0005){ref-type="table"}). The ligninolytic fungi *Pleurotus ostreatus* absorbed oxytetracycline and eliminated the antibiotic from the liquid culture media within two weeks. There was no role of the ligninolytic enzyme laccase in the degradation of oxytetracycline \[[@bib0405]\]. However, in the degradation of different isoxazolyl-penicillins such as oxacillin and dicloxacillin by a Colombian strain of *Leptospaherulina sp*. the role of ligninolytic enzymes versatile peroxidase and laccase was reported \[[@bib0400]\]. The degradation of the antibiotics by *Leptospaherulina* sp. did not produce any toxic byproducts and there was also the elimination of the antibacterial of the isoxazolyl-penicillins. In the degradation of different fluoroquinolone antibiotics like ciprofloxacin and ofloxacin by *Trametes versicolor,* the role of ligninolytic enzymes was reported along with the cytochrome 450 system \[[@bib0415]\]. *T. versicolor* also eliminated sulfamethazine to undetectable levels \[[@bib0420]\]. The ligninolytic fungi *Irpex lacteus* degraded fluoroquinolone antibiotics like flumequine, ciprofloxacin, and ofloxacin effectively and quickly \[[@bib0425],[@bib0430]\]. *Irpex lacteus* also removed the residual antibacterial activity of norfloxacin and ofloxacin, and in the degradation, there was the role of ligninolytic enzyme manganese peroxidase \[[@bib0425]\].

Similarly, the antifungal drugs bifonazole and clotrimazole were also absorbed and eliminated by the mycelia of the edible fungi *Lentinula edodes* \[[@bib0410]\]. Based on the studies reviewed here, it can be concluded that the mycoremediation can be a cheaper, effective, and safer strategy for the elimination of antibiotics from the environment. These studies also show that ligninolytic enzymes play a role in the degradation of antibiotics. However, the complete degradation pathway, biochemical and molecular mechanism needs to be studied. Optimum conditions, efficiency, and rate of antibiotic degradation should be explored for extensive scale remediation processes.

6. Mycoremediation of phthalates, dyes, and detergents {#sec0060}
======================================================

*Phthalates:* They are used in the production of vinyl tiles, capacitors, films, toys, and medical devices \[[@bib0435]\]. They provide flexibility to the plastics. However, their uncontrolled releases into the environment pave a path for these pollutants to enter the food chain, which eventually affects human health. In humans, they can reduce the level of testosterone, thyroid hormone, and pulmonary function. They are also a potent carcinogen and reduce male fertility \[[@bib0440], [@bib0445], [@bib0450]\]. Hydrolysis, UV irradiation, and titanium dioxide assisted photocatalytic degradation are some of the methods that can degrade the phthalates, but these processes are prolonged \[[@bib0435]\]. For the efficient and rapid degradation of phthalates, mycoremediation can be a good strategy.

Cutinase and esterase enzyme isolated from *Fusarium oxysporum* have been studied for their ability to degrade various phthalates like di-hexyl phthalate, dipropyl phthalate, di-2-ethylhexyl phthalate, butyl benzyl phthalate, and dipentyl phthalate. Cutinase was able to degrade these phthalates quickly and without the production of any toxic byproduct. However, the esterase mediated degradation is slow and produced byproducts that caused oxidative stress and affect enzyme activity \[[@bib0455], [@bib0460], [@bib0465], [@bib0470], [@bib0475]\]. Di-2-Ethylhexyl phthalate found in polyvinyl chloride blood storage bags was entirely degraded by *Purpureocillium lilacinum*, *Fusarium subglutinans, Aspergillus japonicas, Aspergillus parasiticus*, *Penicillium brocae* and *Penicillium funiculosum* isolated from soil samples obtained from sites heavily contaminated with plastics \[[@bib0480],[@bib0485]\]. These studies show that mycoremediation can be an excellent strategy to combat phthalate pollution. The whole fungal cell biomass or isolated enzymes can be used for the large-scale purification of phthalate contaminated sites. However, the mechanism and genes involved in the degradation are yet to be established. The understanding of the degradation pathway at a biochemical and molecular level needs attention. Future studies should also focus on analyzing the potential of fungal biomass-based bioreactors for the degradation of phthalate. The optimization of conditions in bioreactors for rapid and efficient degradation of phthalates also needs to be studied.

*Dyes:* Millions of liters of wastewater with various dyes are released into the environment by many dyes producing industries, textile industries, and printing industries. These dyes are recalcitrant and persist in the environment for a long duration because due to inherent properties of these dyes to be chemically stable, resistant to fading, unaffected by microbial degradation and light. For the industries, it is cheaper and easier to release the effluents in the environment than to purify them \[[@bib0040]\]. Most of these effluents are toxic, mutagenic and carcinogenic \[[@bib0490]\]. It has been reported that fungi secreting lignin-degrading enzymes like laccase, manganese peroxidase, and lignin peroxidase can be able to degrade the dyes because of the non-specific activity of these enzymes \[[@bib0040],[@bib0495]\].

*Aspergillus flavus* isolated from soil samples surrounding a paper processing industry was able to accumulate and eventually biodegrade Congo red dye \[[@bib0040]\]. In another study, Marasmius cladophyllus, an endophytic fungus isolated from Melastoma malabathricum, was also able to degrade different classes of synthetic dyes, but the mechanism and enzymes used by the fungi in degrading the dyes were not reported in the study \[[@bib0490]\]. Phlebia acerina was also able to clean up wastewater containing various dyes and further decreased the toxicity of the dye-containing wastewater \[[@bib0500]\]. Similarly, a strain of Tramtes versicolor was also able to degrade various azo anthraquinone type dyes \[[@bib0495]\]. Another fungus, Bjerkandera adusta, grown in an airlift bioreactor was able to decolorize different acid and reactive dyes at a quick rate \[[@bib0505]\]. In Tramtes versicolor, higher activity of ligninolytic enzymes like laccase and manganese peroxidase was reported and in Bjerkandera adusta higher activity of lignin peroxidase was reported \[[@bib0495],[@bib0505]\]. The elevated level of the activity of the various lignin-degrading enzymes can help the fungi in degrading various dyes \[[@bib0495]\]. These studies show that various ligninolytic and endophytic fungi can be used as an economical, efficient and natural way of treating industrial effluents and soil containing a high amount of synthetic dyes. These fungi can tolerate heavy metals, act on diverse categories of dyes and do not produce any toxic secondary metabolites \[[@bib0040],[@bib0495],[@bib0505]\]. So, these studies corroborate that the mycoremediation can be a plausible solution for the treatment of synthetic dyes compared to other conventional physical and chemical methods.

*Detergents:* The release of the detergents in the environment is another serious matter of concern. Though these detergents are easily degradable and have no serious effect on public health, they can cause a great deal of harm to the aquatic flora and fauna. There are various methods to treat the wastewater contaminated with detergents, but compared to them, mycoremediation can be a cost-effective and efficient method. Different fungi like *Penicillium verrrucosum, Cladosporium cladosporioides,* and *Geotrichum candidum* have been able to degrade different commercially available detergents \[[@bib0510],[@bib0515]\]. The mechanism of detergent degradation is yet to be explored. The molecular mechanisms including transcriptomic, proteomic and biochemical studies, should be done to elucidate the fungal detergent degradation pathway.

7. Conclusion {#sec0065}
=============

Based on the studies reviewed here, it can be concluded that mycoremediation can be an economical and effective strategy to degrade various recalcitrant, persistent and toxic pollutants like polyaromatic hydrocarbons, antibiotics, herbicides, insecticides, antifungal drugs, algal bloom, cyanotoxins, detergents, heavy metals, and plastic ([Fig. 3](#fig0015){ref-type="fig"}). Most of the studies show the role of various extracellular ligninolytic enzymes and cytochrome 450 in the degradation of these pollutants. However, in most cases, the underlying mechanism of the mycoremediation of these harmful pollutants is elusive and needs further research. Functional or whole proteomic studies could be another area that should be explored to understand the mechanism of mycoremediation. Perhaps, these studies will reveal various genes and proteins involved in the mycoremediation process. The information will help to model genetically improved fungi for more efficient and rapid removal of the pollutants from the environment. Further, the fungi and their enzymes can be grown in bioreactors for the large-scale removal of the pollutants. There is a need for studies focusing on optimizing the conditions inside the bioreactors for the effective mycoremediation process. The indigenous fungi growing on polluted sites should be considered for further studies as they are adapted to the high concentration of various pollutants in harsh environmental conditions. Nevertheless, there is encouraging evidence to support that the mycoremediation can expunge the environmental pollutants and make this planet a safe habitat.Fig. 3Mycoremediation of environment pollutants.Fig. 3
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